SSR markers have become the most popular resource for studying population genetic variation in eukaryotes. However, few studies with SSR markers have been carried out with phytoparasitic nematodes. In this study a primary survey on EST-SSRs was made utilizing bioinformatics methods to derive SSRs from expressed sequence tags (ESTs) of 16 species of PPN, which belong to 7 genera and 5 families. The results showed that trinucleotide repeats were the most abundant SSRs in coding ESTs, while tetranucleotide SSRs were predominant in non-coding ESTs and genome sequences. AG/CT, AAC/GTT and (AAAN) n motifs were predominant, and CG/GC, ACT/AGT motifs were scanty in the ESTs of most genera and species. SSRs were more abundant in non-coding ESTs than in coding ESTs. The distribution frequencies of SSR motifs in coding ESTs, non-coding ESTs and genomes are different. Our results will provide useful information for screening SSRs from each genus and species for further genetic study of phytoparastic nematodes.
Introduction
Phytoparasitic nematodes (PPN) are an important group in Nematoda. Among the 20,000 species of nematodes described so far, about 3000 are parasites of plants (Castagnone-Sereno, 2002) . Many of them are important plant pathogens such as root-knot, cyst, and lesion nematodes. Infestations of these nematodes pose a significant agronomic problem, causing yield losses in many important agronomical plants. PPN may cause US $77 billion of damage or more worldwide each year (Lambert & Bekal, 2002) . Genetic studies can help to understand differences in pathogenicity and the changes that may occur in nematode populations within fields to overcome plant resis-…….
tance. Simple sequence repeats (SSRs, also called microsatellites) are effective molecular markers for population genetic study, and are distributed extensively in both coding and non-coding sequences of eukaryotic genomes (Tautz & Renz, 1984) . Because SSRs are highly polymorphic, easy to detect (by PCR), specific, and exhibit codominant transmission (Powell et al., 1996) , they are widely used in studies of population genetics (Perera et al., 2000; Viard et al., 2001) , molecular environmental genetics (Schwartz et al., 2003; Williams et al., 2003) , and molecular adaptation (Saint-Laurent et al., 2003; Storz, 2002) . But there have been relatively few studies on SSRs in nematodes. The most detailed information comes from studies in the freeliving nematode Caenorhabditis elegans (Haber et al., 2005) and a few animal parasitic nematodes (Criscione et al., 2007; Fisher &Viney, 1996; Grillo et al., 2006; Johnson et al., 2006; Otsen et al., 2000) . Only a few PPN SSRs have been developed (De Luca et al., 2002; He et al., 2003; Plantard & Porte, 2003; Thiery & Mugniery, 2000; Zhou et al., 2007) . The rapidly expanding databases of ESTs (expressed sequence tags) provide available data for developing SSRs. Mining SSRs from ESTs through bioinformatic methods is an effective and rapid approach, and could overcome the costly, time-wasting, and complicated traditional ways of developing SSRs. Moreover, EST-SSRs have been found to be significantly more transferable across taxonomic boundaries than traditional SSRs (Sim et al., 2009; Ellis & Burke, 2007) and the levels of polymorphism of transcribed EST-SSR regions appear to be similar to those of genomic-SSR regions (Tehrani et al., 2009) . As EST-SSRs generally have fewer null alleles, greater cross-species amplification, and less allelic variability than genomic SSRs, EST-SSRs have been used widely in plant genetic studies (Aggarwal et al., 2007; Park et al., 2005; Wang et al., 2007) and population genetic studies (Ellis & Burke, HELMINTHOLOGIA, 47, 1: 8 -19, 2010 SSR data mined from expressed sequence tags of phytoparasitic nematodes al., 2007; Wang et al., 2006; Kim et al., 2008) . Furthermore, as EST-SSRs are derived from coding sequences, they could be involved in regulating gene expression (Kunzler et al., 1995; Moxon &Wills, 1999) , and the varieties of repeat units might reflect gene expression (Wells & Warren, 1998) . For the reasons discussed above, a preliminary survey of EST-SSRs was made based on currently available PPN EST data. Similarities and differences among EST-SSRs are summarized. The data provide useful information for screening SSRs in further study of PPN genetics.
Materials and methods

Sequence data sources
ESTs of all species studied were downloaded from GenBank (ftp://ftp.ncbi.nih.gov/blast/db, data on October 16, 2009). As shown in Table 1 
Purifying EST data
The stand-alone TRIMEST program of EMBOSS package (Rice et al., 2000) was used for removing the poly A/T ends of the EST sequences. The program was run using the following settings: (i) minimum length of a poly-A tail (integer) = 4; (ii) number of contiguous mismatches allowed in a tail (integer) = 1; (iii) write the reverse complement when poly-T is removed (yes); and (iv) remove poly-T tails at the 5' end of the sequence (yes). Vector DNA was screened by CrossMatch (Phil Green, unpublished) using default parameters. Vector sequences for comparisons were obtained from GenBank (ftp://ftp.ncbi.nih.gov/blast/db/ FASTA/vector.gz).
EST assembly
The purified ESTs of each species were assembled by running DNA sequence assembly program CAP3 (Huang & Madan, 1999 ) using default parameters. Redundant ESTs were assembled into 'contigs', and unique ESTs were recognized as 'singletons'. Thus, non-redundant EST (NR ESTs) datasets were built.
Classification of coding ESTs and non-coding ESTs
All the NR ESTs were classified into 'coding' and 'noncoding' groups by the following steps: (i) Translated into amino acids in all six open reading frames (ORFs) by using the GETORF program of EMBOSS package (Rice et al., 2000) (minimum size 150 nt); (ii) ESTs generating an ORF of no less than 50 amino acids were recognized as 'coding' ESTs; and the remaining ESTs were classified to be 'non-coding' ESTs.
SSR mining
The identification and localization of SSRs were achieved using SciRoKo (Kofler et al., 2007) , searching for the SSRs containing motifs from 2 to 6 bp (di-, tri-, tetra-, penta-and hexanucleotide), no less than 5, 4, 3, 3, and 3 repeat times, respectively. SSRs in the pre-assembled ESTs, non-redundant ESTs, coding ESTs, non-coding ESTs and genome sequences were derived respectively.
Results
Frequency of SSRs in ESTs of PPN
A total of 162,487 ESTs (total length 75.20 Mbp) of 16 PPN species were selected for SSR mining in this study. After removing low-quality sequences (poly A/T ends, vector sequences), SSRs were mined from these pre-assembled ESTs. As shown in Table 1 
Types of EST-SSRs in PPN
Distribution frequencies of different repeat types of SSRs in PPN genera are shown in Table 2 . Trinucleotide repeats were the most abundant (48.8 % of total), followed by tetranucleotide repeats (30.1 %) and dinucleotide repeats (14.8 %). Pentanucleotide and hexanucleotide repeats were less abundant (4.4 % and 1.8 % respectively). The relationship between the number and the repeat times is shown in Figure 1 . It was obvious that the numbers of SSRs decreased with increasing repeat times in all types, except for dinucleotide SSRs of nine repeat times. This indicated that SSRs with the fewer repeat times were more abundant. Distribution frequencies of different SSR motifs in PPN are shown in Table 3 and Table 4 . Among dinucleotide repeats, AG/CT were prevailing motifs in most genera, except that AC/GT motifs were abundant in Radopholus, Pratylenchus and Xiphinema. However, CG/GC motifs are few in all genera. For trinucleotide repeats, the most predominant SSRs in each genus were different, e.g., AAC/GTT motifs in Meloidogyne and Globodera, AGG/CCT in Heterodera and Pratylenchus, AGC/GCT in Radopholus and Heterodera, ACC/GGT in Xiphinema, and AAG/CTT in Bursaphelenchus. The AAC/GTT motifs were the most widely abundant in all genera, and ACT/AGT motifs were scanty in most genera. As shown in Table 4 , AAAT/ATTT was the predominant of tetranucleotide SSR, and AAAAT/ATTTT, AAAAG/ CTTTT motifs were most abundant among the few pentanucleotide SSRs. Frequencies of dinucleotide and trinucleotide SSR motifs in each species are listed in Table 5 . The distribution of dinucleotide repeat types was basically consistent among species. AG/CT motifs were predominant and CG/GC motifs were scarce in all species except for G. pallida (11.89/Mbp). The distribution tendency of trinucleotide repeats in the species within a genus was basically consistent. AAC/GTT motifs were more abundant than other SSR motifs in species of Meloidogyne, except that AAT/ATT motifs were more predominant in M. chitwoodi (117.52/Mbp). ACG/CGT and CCG/CGG motifs were scanty in most species of Meloidogyne. In Globodera, AAC/GTT were the most abundant motifs, and ACT/AGT motifs were rare. CCG/CGG motifs, however, were abundant in Globodera. AGC/GCT and AGG/CCT motifs were predominant in Heterodera. AGG/ CCT and AAC/GTT were predominant motifs in the two species of Pratylenchus. In R. similis, AGC/GCT motifs were abundant. While no ACT/AGT motifs were found in the above three genera. ACC/GGT motifs were predominant motif in X. index. The distribution tendency of SSR motifs was very similar in the two species of Bursaphelenchus, with AAG/CTT motifs predominant and ACG/CGT absent.
SSRs distributed in coding and non-coding ESTs
By the use of the GETORF program in the EMBOSS package, NR ESTs were classified into 'coding' and 'noncoding' ESTs according to the minimum length of 50 amino acids of the translated sequences encoded in all 6 ORFs. A total of 56,468 coding ESTs (92.12 % of total) and 4,828 non-coding ESTs (7.88 % of total) were identified. A total of 9,369 SSRs in coding ESTs and 445 SSRs in noncoding ESTs were derived. The abundance of SSRs in noncoding ESTs was much higher than that in coding ESTs (626.42/Mbp vs. 293.79/Mbp). Trinucleotide motifs were predominant in coding ESTs (50.1 % of total), while tetranucleotide motifs were more abundant than trinucleotide in non-coding ESTs (47.4% vs. 22.7 %). Dinucleotide motifs were abundant in non-coding ESTs (Table 6 ). Of these, AG/CT, AAAT/ATTT and AATT/AATT motifs were greatly increased. The frequency of trinucleotide motifs changed little in non-coding ESTs. The frequencies of SSRs in coding ESTs were similar to those in NR ESTs (Table 7) .
A comparison of EST-SSRs and genomic SSRs
Of the PPN species used in this study, whole genome data for M. incognita and M. hapla are available now. We made a survey of SSRs in the two nematodes genomes and compared them with the SSRs detected in ESTs. A total of 27,294 SSRs were detected in the M. incognita genome (1/3.01kb) and 24,739 SSRs were detected in the M. hapla genome (1/2.14kb). The SSR types are listed in Table 6 . Unlike the SSRs in NR ESTs, tetranucleotide SSRs were more extensively distributed in both the PPN genomes (45.2 % in M. incognita and 60.5 % in M. hapla). There were followed by tri-, bi-and pentanucleotide SSRs in that order. The distribution frequency of motifs is shown in Table 7 . In both genomes, AT-rich SSRs (AT/AT, AAT/ATT, AAAT/ATTT and AATT/AATT) prevailed, while CG-rich SSRs (CG/GC, ACG/CGT and CCG/CGG) were rare. AG/CT and AAC/GTT were also abundant SSRs in the two genomes. Comparing the distribution of SSRs in genomes with those in NR ESTs of the two species, it was shown that there are many differences between them (Table 6 and 7) . This is because the EST data are from only small parts of the genomes, and many SSRs exist in the non-coding sequences.
Discussion
Similarity and diversity among the EST-SSRs in PPN
Based on our data, many and varied EST-SSRs occur in PPN. Although a bias maybe exist owing to differences in numbers of ESTs among species and genera, we still can discern some generalities. The similarities and differences in type and distribution frequencies of EST-SSRs motifs among PPN genera and species were correlated with the known relationships among the taxa. For closely related taxa, more similarities occurred and fewer differences. For example, differences among genera were more evident than differences among species within a genus. The genera Heterodera and Globodera are both cyst nematodes and fewer differences between them were found. For sister species B. mucronatus and B. xylophilus, the frequencies and types of EST-SSRs were very similar, despite the fact that B. xylophilus had more ESTs (Table 1) . Hancock (1996) reported that the entire genome would accept simple sequences repeats in a concerted manner when the genome size increased. In our study, this was not exactly the case. The M. incognita genome (~82.1Mb) is larger than the M. hapla genome (~53.0Mb) and there were more SSRs in the former than in the latter (27, 294 vs. 24,739) . However, the frequency of SSRs in the former was obviously lower than in the latter (332.48 vs 466.63/Mbp) ( Table 6 ). Table 8 lists the published genome sizes of PPN and the abundance of EST-SSR. Based on the present data it is difficult to verify whether the diversity of EST-SSRs in PPN was related to genome size or to characteristics related to parasitism of the PPN species. This could be clarified in future studies that included more genomic sequences of PPN.
Comparison of SSRs distributed in different data sets
ESTs are mainly composed of coding sequences, while the largest part of genome is composed of non-coding regions. Because the selection pressures acting on coding and noncoding sequences are different, it has been suggested that the diversity of SSRs in ESTs might be different from that in other genome regions (Chakraborty et al., 1997; Hancock, 1995) . Our results supported this suggestion. We compared SSRs derived from coding ESTs, non-coding ESTs and whole genomes. The distribution frequencies of SSR motifs are very different. Non-coding ESTs (UTRs,
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…. (Table 6 ). Tetranucleotide SSRs were the most abundant type in non-coding ESTs and genomes, while trinucleotide SSRs were most frequently located in coding ESTs (Table 7) . The results are consistent with SSR distribution in coding and non-coding sequences of C. elegans and other animals (Toth et al., 2000) .
Comparison of EST-SSRs in PPN with C. elegans and other eukaryotes
Our results showed that the average abundance of SSRs in NR ESTs of PPN (1/3.32kb) was much less than that of the coding sequences of C. elegans (1/1.38kb) (Li et al., 2004) . But if the mononucleotide repeats are included (≥10bp), the average abundance of SSRs in NR ESTs of PPN could be 1/1.35 kb (data not shown), a figure more similar to that of the coding sequences of C. elegans.
In PPN, as in other studies, AG/CT motifs were the most predominant dinucleotide types and GC/CG repeats were extremely rare. As reported, AG/CT motifs were abundant in C. elegans (Li et al., 2004) and in the exons of mammalia and embryophyta (Hancock, 1995) , whereas, GC/CG repeats were rare in many animal genomes (Katti et al., 2001) . AAC/GTT were the most abundant motifs in PPN, the same as reported in the studies of other eukaryotic genome sequences (Toth et al., 2000; Katti et al., 2001) . Interestingly, ACT/AGT motifs were rare in most PPN genera. This may be attributed to the presence of a stop codon (UGA) in transcription (Toth et al., 2000) . For tetranucleotide SSRs, AAAT/ATTT motifs were the prevailing tetranucleotide repeats in coding ESTs, non-coding ESTs and genomes (Table 7) . Even though we could not absolutely exclude a false reading of poly-A tails by machine, we accepted it as a fact, because the same finding was reported in other studies, viz. that (AAAN) n SSRs prevailed in exons of C. elegans, human, fungi, and embryophyta (Toth et al., 2000; Katti et al., 2001; Subramanian et al., 2003) .
Future study of EST-SSRs in PPN
Although EST-SSR diversity does not fully represent the SSR diversity of the whole genome, it has been verified that SSR markers from either coding or non-coding sequence could produce very similar estimates of population differentiation (Woodhead et al., 2005) . In addition, ESTSSRs could be more conserved among species in the same lineage, allowing cross-species transferability and a lower frequency of null alleles; and they could more likely appear as a single copy in the genome, alleviating the multiple-band problem (Liewlaksaneeyanawin et al., 2004) . Thus, EST-SSRs markers could be applied widely in the study of PPN population genetics. Although we have not provided the information about regions flanking the microsatellites, the information about SSR motif types and density in each genus and species can be used for SSRs screening and further study. With more EST and genome data, more information about PPN SSRs will be available, including types and frequency, mechanisms for developing SSRs, roles in regulating gene expressions and evolution, etc. We hope in future studies, people can identify SSRs related to genes involved in parasitism and pathogenicity of phytoparasitic nematodes.
